The obligate intracellular protozoan parasite Cryptosporidium parvum causes a diarrheal illness in infected hosts (2, 6) . The severity of the illness depends largely on the immune status of the host. Consequently, immunosuppressed individuals, such as people with AIDS and malnourished children in developing countries, can develop a life-threatening illness (14) . Unfortunately, the pathogenesis is poorly understood and there is no curative therapy (3) .
One possible explanation for the apparent drug resistance manifested by Cryptosporidium lies in the unique nature of the host-parasite interface (15) . As the parasite invades the host intestinal epithelial cell, a junctional complex is formed at the host-parasite interface that separates the parasite from the host cell cytoplasm. This junctional complex appears as an electron-dense band with an adjacent filamentous network in transmission electron micrographs (18, 23, 31) . We and others have recently shown that actin and the actin-binding protein, ␣-actinin, are associated with this junctional complex ( Fig. 1F and I) (9, 13) , but other components remain unknown.
Utilization of host cell actin is a common theme in microbial pathogenesis and has been observed in infections by Listeria monocytogenes, Escherichia coli, Salmonella enterica serovar Typhimurium, Shigella flexneri, and vaccinia virus (10) . In enteropathogenic E. coli infections, filamentous actin (f-actin) forms the scaffolding for a host cell protuberance to which the bacteria attach (11) . In Salmonella and Shigella infections, the actin microfilaments direct the engulfment of the bacteria by the host cell (4, 12) . Listeria and vaccinia virus nucleate host cell actin on their surfaces to propel themselves through the host cell cytoplasm (5, 7, 30) .
A recent study has identified several host cell proteins that are necessary for the actin-based motility of Listeria and Shigella by reconstitution with purified proteins (19) . The proteins essential for actin polymerization include the Arp2/3 complex, actin, two actin binding proteins (cofilin and capping protein), and, for Shigella, neural Wiskott Aldrich syndrome protein (N-WASP). Another protein, vasodilator-stimulated phosphoprotein (VASP), accelerates actin polymerization but is not essential.
To test the hypothesis that the actin accumulation seen in Cryptosporidium-infected cells represented active actin polymerization rather than passive accumulation of f-actin at sites of infection, we utilized indirect immunofluorescence microscopy to identify proteins involved in actin polymerization at sites of invasion. We experimentally infected a human intestinal cell line, HCT-8 (ATCC CCL-244), with the Iowa isolate of C. parvum oocysts (Pleasant Hill Farm, Troy, Idaho) (9). Indirect immunofluorescence of infected cell lines using antibodies against the Arp3 protein of the Arp2/3 complex (a gift of Matt Welch, Berkeley, Calif.) (20, 32) revealed localization of this protein at every site of Cryptosporidium invasion (Fig. 1C) . In addition, indirect immunofluorescence using an antibody against VASP (1:500; Transduction Laboratories, Venture, Conn.) showed similar localization at sites of infection (Fig.  1G) . In both cases, the staining pattern did not change when the parasite was removed from the monolayer, using a method previously described (9) , indicating localization to the hostparasite junctional complex. Attempts to localize N-WASP at sites of infection using indirect immunofluorescence yielded equivocal results, so a Myc-tagged human N-WASP protein was utilized for localization experiments. HCT-8 cells were transfected with Myc-N-WASP (bovine N-WASP in the pRK5-Myc vector [17] ) and, after 16 h, infected with Cryptosporidium. These experiments revealed a circular staining patterns at sites of infection (Fig. 1J) . The different staining patterns for N-WASP and Arp3 at sites of infection may be due to the Arp2/3 complex remaining attached to the actin network, while N-WASP acts transiently on the junctional complex (1, 29) . Taken together these results indicate that host cell Arp2/3 complex, VASP, and N-WASP are present at sites of invasion (at all stages from early trophozoites to meronts), implying that Cryptosporidium infection induces host actin polymerization.
To test the hypothesis that host cell actin polymerization is necessary for Cryptosporidium infection, we utilized a fragment of the protein Scar1 (Scar-WA) (21) , which is known to inhibit actin polymerization in other systems, such as Listeria actin tail formation, phagocytosis, and lamellipodia formation (21, 24, 25) . This C-terminal fragment of Scar1 contains the Arp2/3 complex binding and activating domain (22) . It inhibits specific actin polymerization in the host cell by binding and activating Arp2/3 throughout the cytoplasm, making it unavailable for focal processes at the cell surface. We transfected a plasmid containing Myc-tagged Scar-WA into HCT-8 cells using Novafector (VennNova, LLC., Pompano Beach, Fla.) and then infected them 16 h later with Cryptosporidium as previously described (9) . Cell lines were fixed and stained with an antiMyc antiserum (1:100; Zymed, San Francisco, Calif.), fluorescein isothiocyanate-phalloidin (5 M/ml; Sigma) and 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (10 M/ml; Sigma) 8 h after infection. We compared the infection rate of transfected cells with the infection rate of all adjacent untransfected cells. Results are expressed as a percentage of the untransfected control infection rate. As shown in Fig. 2 , inhibition of actin polymerization by Scar-WA reduced the Cryptosporidium infection rate by 71%. This effect was specific to the Scar-WA protein, since a related protein lacking the Arp2/3 binding domain (Scar-W) (21), which does not inhibit actin polymerization, had minimal effect on Cryptosporidium infection (Fig.  2) . To rule out the possibility that Scar-WA expression nonspecifically damaged the host cell, making it unsuitable for parasitic invasion, we also infected Scar-WA-transfected cells with Toxoplasma gondii (obtained from Vern Carruthers, Johns Hopkins School of Public Health, Baltimore, Md.). Since T. gondii invades cells independent of host cell actin polymerization, we anticipated that Scar-WA would have no effect on T. gondii infection (8) . As predicted, the infection rates of transfected and untransfected cells by T. gondii were nearly identical, arguing for a specific inhibition of Cryptosporidium infection by Scar-WA. Taken together, these data strongly suggest that host cell actin polymerization is necessary for Cryptosporidium infection.
In order to test the hypothesis that host cell N-WASP is also necessary for Cryptosporidium infection, we infected cells that had been transfected with a dominant negative form of N-WASP (N-WASP-⌬A), which contains a deletion of the C-terminal acidic domain that is necessary for Arp2/3 binding. This was produced by PCR, using primers corresponding to bases 1 to 15 and 1438 to 1453 of the bovine N-WASP sequence. The resultant fragment (corresponding to amino acids 1 to 484 of the N-WASP protein) was cloned into the pRK5-Myc vector for mammalian expression. In experimental E. coli infections (16) , such mutant N-WASP is recruited to sites of E. coli attachment but blocks actin polymerization since the necessary Arp2/3 complex cannot be bound. As in the previously described experiments with the Scar-WA construct, we transfected N-WASP-⌬A into HCT-8 cells, infected them with Cryptosporidium, and compared the infection rate of transfected cells to that of untransfected cells. As shown in Fig. 2 , transfection with N-WASP-⌬A inhibited infection by 47%, relative to untransfected cells. Controls transfected with wild-type N-WASP showed no significant inhibition of infection. These results suggest that Cryptosporidium utilizes host cell N-WASP to recruit Arp2/3 and polymerize host cell actin during infection and that this process is necessary for Cryptosporidium infection. It is known that the small GTPase Cdc42 and the polyphosphoinositide phosphatidylinositol 4,5-bis-phosphate can activate N-WASP and recruit it to sites of infection (26, 27, 28) . Future studies will examine the role of such signaling molecules in Cryptosporidium infection.
